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Abstract 
This project aims to find correlations between various flow parameters and liquid refrigerant flow 
distribution within a horizontal manifold supplying two-phase R134a downward into fifteen aluminum 
microchannels.  Liquid flow rates, system pressures, and refrigerant temperatures are recorded. Prior to this project, 
similar experiments were conducted using an identical manifold setup with water/air as the working fluid.  
Similarities and differences between the two working fluids are discussed.  During refrigerant testing, inlet flow 
rates are varied between 15 g/s and 35 g/s.  Inlet qualities vary between 0% and 35%. Manifold flow path geometry 
is varied by using three spacer plates of different thickness. Increasing mass flux at the entrance of the manifold 
improves liquid distribution through the microchannels.  At sufficiently high mass fluxes, increasing quality at the 
entrance also improves liquid distribution. The distance between the manifold inlet and the array of microchannel 
tubes also has a large effect on liquid distribution. 
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Chapter 1. Introduction 
Distribution of refrigerant plays a major role in the effectiveness of microchannel heat exchangers.  In 
evaporator applications, a poorly distributed manifold will cause concentrated cold and hot spots throughout the 
evaporator, which not only lowers its efficiency, but also reduces its life span.  Successful implementation of 
microchannel evaporators requires a detailed understanding of the factors that affect liquid flow distribution 
behavior within the manifold.   
Through this project, relations between various flow characteristics and the liquid flow distribution into the 
microchannel tubes are investigated.  R134a is used as the working fluid.  Mass flow rate and quality at the inlet are 
varied as well as the cross-sectional area of the flow path.  The manifold is oriented for horizontal flow with 
microchannel tubes oriented in the vertical down direction.  The tested range, shown in Figure 1-1, is on a similar 
scale to many small capacity microchannel heat exchangers.  The values shown in Figure 1-1 were developed by 
surveying a number of microchannel evaporators under investigation by the Society of Automotive Engineers, 
Modine Manufacturing Co., and University of Illinois Air Conditioning and Refrigeration Center.  A similar project 
investigating the characteristics of water/air distributed in a similar microchannel manifold was conducted by 
Tompkins (2002) and Yoo (2002). 
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Figure 1-1: Operating ranges of small capacity microchannel evaporators 
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Chapter 2. Methodology 
2.1 Manifold Design 
The microchannel manifold designed for the investigation consists of three components: top plate, bottom 
plate, and spacer plate.  All three pieces have an exterior dimension of 101.6 cm by 558.8 mm (4" by 22").  The top 
and bottom plates, shown in Figure 2-1, are made from clear polyvinyl chloride (PVC).  The top plate has two 6.35 
mm (1/4") ports that serve as inlets for refrigerant.  The bottom plate has fifteen equally spaced mounts for the 
fifteen microchannels.  Spacer plates are made from aluminum and assembled between the top and bottom plates.  
An 18.5 mm (0.73") wide center cut inside the spacer plate fixes the flow path width of the manifold.  Three 
thicknesses are available: 12.7 mm, 6.35 mm, and 3.175 mm (1/2", 1/4", and 1/8").  Variations in cross-sectional 
area – and mass flux – can be achieved by exchanging different spacer plates. For a more detailed view of the 
manifold design, please refer to Appendix B. 
 
Bottom Plate 
Top Plate 
Figure 2-1: Manifold top and bottom plates (dimensions are in inches) 
The array of microchannels is mounted flush in the flow path and offset from the center of the bottom plate.  
The flush mounting means the tubes do not protrude inside the flow path.  Protrusion effects will be investigated in 
an upcoming study.  The offset placement of the microchannel array is so that one entrance is closer than the other 
creating two variations in flow development region distance.  The short entrance is 50 mm (2") away from the 
nearest microchannel, and the long entrance is 250 mm (10") away from the nearest microchannel.  The 
specifications for the manifold are listed in Table 2-1.  A schematic of the manifold assembly is shown in Figure 
2-2. 
Table 2-1: Specifications for the manifold flow path areas 
Spacer Plate  
Used 
Thickness  
[mm] 
Cross-section  
Area [mm2] 
Large 12.70 234.95 
Medium 6.35 117.48 
Small 3.175 58.74 
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 Figure 2-2:  Manifold assembly 
2.2 Microchannel Description 
The microchannels used are extruded aluminum 6-port tubing from Brazeway Corp.  As shown in Figure 2-
3, a typical tube has an overall width of 18 mm (0.71"), hydraulic diameter of 1.54 mm (0.06") and length of 317.5 
mm (12.5").  The fifteen microchannels are grouped into five sets of three by the use of a tee junction.  Each set is 
connected to a single measurement tank so that measurements of flow rate represent the flow rate of three 
consecutive microchannels rather than one individual tube.  For a more detailed view of the microchannels, please 
refer to Appendix B. 
 
Figure 2-3: Typical microchannel tube used in test manifold 
2.3 Experimental Facility 
The refrigerant loop, shown in Figure 2-4, pumps liquid R134a through an electric heater and into the test 
manifold.  A mass flow meter (±0.10%) is used to measure liquid mass flow rate and density.  Total mass flow rate 
ranges from 15 g/s to 35 g/s.  The expansion valve can be installed in either inlet and its opening is located 50 mm 
(2") away from the manifold flow path.  The electric heater controls the inlet quality, and the expansion valve 
controls the inlet pressure.  Thermocouples (the greater of ±0.5°C or ±0.4%) and pressure transducers (±0.1 psi) 
placed before and after the test manifold display system temperatures and pressures, respectively.  Inlet temperatures 
ranged from 22°C to 65°C.  Inlet pressure of the system varies from 1 MPa to 3 MPa (145 psi - 450 psi), and outlet 
pressure (manifold pressure) varies from 600 KPa to 760 KPa (88 psi -110 psi).  There are two methods to determine 
quality: calculation using system temperatures and pressures and measurement of total and liquid flow rates.  By 
error propagation, a liquid mass flow rate error of ±10% is determined.  For a more detailed explanation of the 
experimental facility, please refer to Fei et. al (2002).  
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Figure 2-4: Refrigerant loop 
2.4 Experimental Procedure 
In all test cases, the manifold is orientated horizontally.  The expansion valve is located vertically on the 
top plate which makes a right angle with the flow path.  Therefore the refrigerant must make a right-angled turn as it 
exits the expansion valve and enters the manifold.  Measurement of the outlet mass flow rate is done by dividing the 
mass of liquid R134a drained into the collection tanks by the time interval.  Flow rate data recorded for each 
collection tank is a sum of the three microchannel tubes connected to the tank.  The manifold and microchannel 
array are kept under adiabatic conditions.  Refrigerant temperature inside the manifold remains the ambient room 
temperature (±2°C). 
For the long entrance and short entrance testing, the independent variables are inlet quality, total mass flow 
rate, and manifold flow path cross-sectional area.  The inlet quality range is 10% to 35% in intervals of 5%.  The 
total mass flow rates used for data collection range from 15 g/s to 35 g/s in intervals of 5 g/s.  Baseline data is also 
recorded for each flow rate case using 0% quality (single-phase liquid flow).  The manifold flow path cross-
sectional area varies with the thickness of the spacer plate as shown earlier in Table 2-1.  Inlet mass flux can be 
varied in two ways:  changing the mass flow rate and changing the spacer plate.  The range of inlet mass fluxes 
tested is 63.84 kg/m2-s to 596 kg/m2-s.  The combination of mass flow rates, qualities, and spacer thickness provide 
a test matrix containing 187 individual data points. 
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Chapter 3. R134a Liquid Distribution Results 
3.1 Short Entrance 
This set of experiments is performed using the inlet port located 50 mm away from the microchannel tubes.  
The following section will discuss the data recorded using all three cross-sections and present the liquid distribution 
trends found by varying mass flux and quality at the entrance of the manifold.  Please refer to Appendix C for the 
complete set of liquid distribution results.  The flow direction for all short entrance tests are from left to right.   
3.1.1 Small Cross-Section 
The small spacer plate (3.175 mm) is used in this test case, producing a flow path cross-sectional area of 
58.74 mm2, and mass flux range of 255.4 to 596 kg/m2-s.  The flow direction for all long entrance tests are from left 
to right.  The liquid distribution behavior in this range of mass fluxes is generally good with a reasonable fraction of 
the total liquid flow rate draining into the first four collection tanks.  Although the last collection tank receives 
relatively less liquid flow, it does not reach a dryout condition except in the lowest mass flux cases.  Figure 3-1 
shows the mass flux effects at constant quality.  Figure 3-2 shows the effects of increasing quality at a constant mass 
flux.  These figures show that increasing quality and/or mass flux at the entrance produces a positive effect on liquid 
flow distribution.  The effect of increasing mass flux and quality raises the entrance velocity and kinetic energy of 
the two-phase flow.  This increase in kinetic energy allows the R134a liquid and vapor to maintain a homogeneous 
state as the flow travels over the microchannels and helps the liquid to travel further into the manifold, thus 
providing more uniform liquid distribution.  Since the flow inside the microchannels is a vertical downward 
orientation, much of the inertial energy at the inlet of the manifold is spent on overcoming gravitational force.   
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Figure 3-1: Mass flux effects, 3.175 mm spacer, short entrance 
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Figure 3-2: Quality effects, 3.175 mm spacer, short entrance 
3.1.2 Medium Cross-Section 
In this section the medium spacer plate (6.35 mm) is used, producing a flow path cross-sectional area of 
117.48 mm2, and mass flux range of 127.7 to 298 kg/m2-s.  The general trend of liquid distribution in this case is 
worse than the small cross-section case.  Figure 3-3 shows the mass flux effects at constant quality.  Under high 
mass fluxes, the distribution trend appears to be reasonable for the first three collection tanks, but becomes poor 
when low mass fluxes are used.   
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Figure 3-3: Mass flux effects, 6.35 mm spacer, short entrance 
Figure 3-4 shows that when keeping mass flux constant, increasing quality seems to have only a slightly 
positive effect on liquid distribution. In most mass fluxes and qualities used for testing, dryout condition is observed 
in the last collection tank, and often in the last two collection tanks.  Compared to the small cross-section case, this 
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degradation in liquid distribution appears to be caused by the reduction in the mass flux range, which, in turn, 
reduces the kinetic energy of the two-phase flow.   
 
Figure 3-4: Quality effects, 6.35 mm spacer, short entrance 
3.1.3 Large Cross-Section 
In these tests the large spacer plate (12.7 mm) is used, producing a flow path cross-sectional area of 234.95 
mm2 and mass flux range of 63.84 to 149 kg/m2-s.  The liquid distribution exhibited by this mass flux range is more 
segregated than the medium cross-section cases.  Uniform flow distribution among the first three collection tanks is 
observed only with the highest mass fluxes.  In the rest of the test cases, the liquid flow primarily drains into the first 
two collection tanks leaving virtually none for the last three.  Figure 3-5 and Figure 3-6 shows the positive effect of 
increasing mass flux and quality, respectively, but these effects are less pronounced than the small and medium 
cross-section cases.   
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Figure 3-5: Mass flux effects, 12.7 mm spacer, short entrance 
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Figure 3-6: Quality effects, 12.7 mm spacer, short entrance 
3.2 Long Entrance 
The next set of experiments is performed using the inlet port located 250 mm away from the microchannel 
tubes.  The following section will discuss the data recorded using all three cross-sections and present the liquid 
distribution trends found by varying mass flux and quality at the entrance of the manifold.  Please refer to Appendix 
C for the complete set of liquid distribution results.  The flow direction for all long entrance tests are from right to 
left.   
3.2.1 Small Cross-Section 
The small spacer plate (3.175 mm) is used in this test case.  Under low quality and mass flux conditions, 
the liquid distribution is poor with collection tanks #5 and #4 receiving most of the liquid and leaving others with a 
small fraction of mass flow.  However, significant improvement in distribution can be observed under high quality 
and mass conditions shown in Figure 3-7 for a representative case at x=25%.  Figure 3-8 shows the effects on liquid 
distribution when varying quality.  Flow rates in tanks #3 and #4 increase significantly as mass flux rises from 255.4 
to 596 kg/m2-s.  This improvement in liquid distribution indicates that, as mass flux and quality increases, the two-
phase R134a flow obtains higher energy at the inlet, and liquid is able to be carried further into the manifold before 
gravitational forces become dominant. 
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Figure 3-7: Mass effects, 3.175 mm spacer, long entrance 
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Figure 3-8: Quality effects, 3.175 mm spacer, long entrance 
3.2.2 Medium Cross-Section  
In this set of experiments the medium spacer plate (6.35 mm) is used.  Comparing the liquid distribution of 
these data points with the results of the small cross-section shows a worse overall distribution.  The majority of the 
liquid enters collection tank #5, and the rest of the tanks receive little, if any, liquid flow.  Figure 3-9 shows the 
effects of mass flux at a constant quality of 15%.  Although the overall liquid distribution is poor, the general trend 
of improving distribution with increasing mass flux is still followed in this range of flow conditions.   
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Figure 3-9: Mass flux effects, 6.35 mm spacer, long entrance 
Unlike the results discussed previously, varying quality seems to have very little, if any, effect on the liquid 
distribution.  Figure 3-10 shows, when keeping mass flux constant at 298 kg/m2-s, distribution stays fairly constant 
with no discernable trends in either direction as quality changes.  The lack of change in distribution variation is a 
result of two factors: the lower mass flux range and the length of the long entrance.  First, within this mass flux 
range, the flow will settle into a stratified flow pattern where liquid will only travel along the bottom of the manifold 
as a sheet.  Second, the distance between the entrance and the microchannel array is sufficiently long to allow for the 
two-phase flow to develop fully.  Since the flow inside the microchannels is a vertical downward orientation, the 
gravitational force becomes dominant quickly.  Therefore, even though increasing quality would increase the vapor 
kinetic energy, this vapor energy becomes ineffective in overcoming the gravitational effects.   
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Figure 3-10: Quality effects, 6.35 mm spacer, long entrance 
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3.2.3 Large Cross-Section 
In this set of experiments the large spacer plate (12.7 mm) was used.  The poor liquid distribution, 
exhibited by Figure 3-11, is the general behavior of the entire data set.  Almost all the liquid entering the manifold 
drains into collection tank #5.  Tank #4 receives a very small fraction of the flow, and all subsequent tanks receive 
virtually none.  Within this range of mass fluxes and qualities, increasing mass flux will give a small, but still 
visible, improvement in the liquid distribution as shown in Figure 3-11.   
However, in contrast to all other cases, Figure 3-12 shows that increasing quality worsens distribution.   
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Figure 3-11: Mass flux effects, 12.7 mm spacer, long entrance 
As discussed earlier, within this mass flux range, gravitational force dominates how much liquid will drain 
into the microchannel tubes.  Therefore the amount of liquid that will be able to flow past the first collection tank 
and drain into the subsequent collection tanks is dependent on the thickness of the liquid sheet.  By increasing 
quality, the total liquid mass flow rate at the entrance of the manifold is reduced and distribution worsens as a result 
of not having enough liquid to drain into the microchannels.  Additionally, higher quality results in a higher vapor 
flow and higher pressure drop across the microchannels.  The effect of this increased pressure drop is that fewer 
microchannels is required in order to handle the liquid flow. 
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Figure 3-12: Quality effects, 12.7 mm spacer, long entrance 
3.3 Effect of Flow Developing Region Length 
Comparison of all the collected data reveals that the liquid distribution trends are different for the long 
entrance and short entrance cases even though all other flow conditions are identical.  More specifically, short 
entrance cases produced better distribution than long entrance cases when maintaining a constant mass flux and 
quality.  This difference in behavior is a result of the differences in two-phase R134a flow development upon 
reaching the microchannel array.   
Experiments have been performed to correlate inlet flow parameters to the distance of the developing 
region inside a manifold for two-phase R134a flow. (Fei, et. al. (2002))  These experiments categorized entrance 
flow pattern into three regions: expansion, developing, and developed.  The expansion region is generally a very 
short distance of a homogeneous mixture immediately after the expansion valve.  The developing region, following 
the expansion region, is where the vapor and liquid are less homogeneous, and begins to separate.  Finally, the 
developed region is where the two-phase flow settles into its final separated state.  Figure 3-13 shows that the 
developing region distance is directly proportional to the mass flux and quality at the entrance.  Under the conditions 
shown, it is found that, inside a 12 mm diameter round tube, the flow developing region length varies between 90 
and 270 mm.   
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Figure 3-13: Two-phase R134a, developing region length study, 12 mm diameter tube 
Although the geometry in our test manifold flow path cross-sectional area is rectangular rather than 
circular, the three entrance patterns are also observed as displayed in Figure 3-14.  Furthermore, the recorded 
distribution data shows that the developing region length plays a major role in predicting liquid distribution 
behavior.  In the short entrance cases of our experiments, the inlet is only 50 mm away from the first set of 
microchannel tubes, suggesting that the two-phase flow is in a developing state.  During testing, a flow pattern 
corresponding to a developing state is also seen extending over a portion of the microchannel ports. 
 
Developing 
Region Developed Region 
Developed Region Developing Region 
Figure 3-14: Schematic showing of flow patterns inside manifold 
When mass flux and quality increases, not only does the flow distribution improve, but this developing 
region also increases in length.  Since the vapor phase is still mixed with the liquid phase during the developing 
region, the high vapor kinetic energy is able to exert more force on the slow moving liquid flow and overcome the 
gravitational force, thus carrying more liquid further down the manifold.  In the long entrance cases, the inlet is 
located 250 mm away from the first set of microchannels.  Under the low mass flux conditions, distribution changes 
very little with changing quality or mass flux because by the time the two-phase flow reaches the microchannels, it 
has the flow pattern resembling fully developed stratified flow.  In the highest mass flux and quality conditions 
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tested for the long entrance case, the developing region is seen extending past the first set of microchannels, which 
correspond well to the recorded distribution data. 
3.4 Effect of Flow Path Cross-Sectional Area 
Besides the mass flux and quality effects observed in the liquid distribution data, another interesting 
distribution behavior is observed when maintaining a constant mass flux and quality, but only changing the cross-
sectional area of the flow path.  Figure 3-15 shows that, in the long entrance case, liquid distribution behavior is not 
affected by the variation in cross-section while short entrance data displays significant differences in flow 
distribution, for a constant quality of 25%.  When maintaining the mass flux at 127.7 kg/m2-s, the distribution in the 
large cross-section case is more uniform than in the medium cross-section case.  The same trend also appears 
between medium and small cross-section cases when G=255.4 kg/m2-s.  These trends are not clear in the long 
entrance cases possibly due to the poor distribution of the flow under the conditions.  However, improved liquid 
distribution with bigger cross-sections suggests that the overall entrance mass flow rate also affects the distribution 
in the manifold.  The increased mass flow rate does not change the inlet velocity of the flow, but does increase the 
inlet momentum and kinetic energy.  Other factors may also play a role in this behavior, but the currently limited 
data is unable to determine these factors with certainty.  Please refer to Appendix C for further comparisons of 
cross-sectional areas. 
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Figure 3-15: Effects of varying flow path cross-sectional area and maintaining constant mass flux 
3.5 Conclusion  
Overall, the four variables involved for the R134a testing are inlet mass flux, inlet quality, flow developing 
region length, and flow path cross-sectional area.  Increasing the mass flux and quality at the entrance is shown to 
significantly improve the liquid R134a flow distribution into the microchannels.  Shortening the distance between 
the expansion valve and the microchannel exit ports is also a major influence in improving liquid distribution.  
 14
Finally, increasing the flow path cross-section allows improvement of distribution in some cases, but it is not clear 
what factors are the main causes.   
Using the three cross-sections of the manifold flow path, the liquid R134a distribution experiments are 
performed using a quality range of 0 – 35% and a mass flux range of 63.84 – 596 kg/m2-s for two different entrance 
length of 50 and 250 mm.  In both short and long entrance cases, mass flux and quality has positive effects on 
distribution due to the increase in the overall velocity and kinetic energy at the manifold entrance.  This energy helps 
maintain the liquid R134a in a homogeneous, mixed condition helping to evenly distribute liquid further into the 
manifold.  When using the shorter entrance, liquid phase distribution tends to be improved in the high mass flux and 
quality ranges.   
The length of the developing region of a two-phase R134a flow is a major factor in the observed liquid 
distribution variations.  Better liquid distribution is recorded in the short entrance tests because the short entrance 
does not provide sufficient distance for the two-phase flow to develop fully.  Therefore, upon reaching the 
microchannels, the flow is still in a developing state where the bulk kinetic energy is more effective in carrying 
liquid further down the manifold.  In contrast, if the flow becomes fully developed, as in most of the long entrance 
tests, the liquid phase loses its kinetic energy, and the vapor energy is not able to overcome gravitational forces and 
causes poor distribution.  Increases in mass flux and quality also increase the developing region length, which 
corresponds to the observed improvement in liquid distribution.  
Besides the effects of mass flux, quality, and entrance length, the cross-sectional area of the flow path 
appears to influence liquid distribution.  Although the behavior is not clearly seen in all test cases, the general trend 
suggests that the entrance mass flow rate may be the reason for this distribution behavior.   
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Chapter 4. R134a Distribution with Non-Dimensionalized Parameters 
Although some clear trends in liquid distribution can be observed in the mass flux and quality comparisons 
shown previously, other parameters are investigated here in order to express the recorded results more universally 
and to find a better correlation between flow characteristics and liquid distribution of R134a in the microchannel 
manifold test section.  Several representative cases are discussed.  For a more complete set of results, please refer to 
Appendix D.  These parameters presented include the Froude number, Froude rate, Lockhart-Martinelli parameter, 
and normalized standard deviation.  Finally, a dimensional kinetic energy parameter is introduced. 
4.1 Froude Rate and Lockhart-Martinelli Parameter 
The Froude rate is a parameter derived from the Froude number (Equation (1)) and represents the ratio of 
vapor inertial energy to the energy needed to lift the liquid film away from the bottom to the top of the manifold.  
Unlike the Froude number, the Froude rate accounts for the vapor and liquid liquid mass flow rates in the manifold 
entrance shown by Equation (2).   
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The Lockhart-Martinelli parameter, shown by Equation (3) represents a ratio of the vapor pressure drop to 
liquid pressure drop.  
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It is noted that the Lockhart-Martinelli parameter has several variations based on the turbulence of the flow 
condition.  Here, only the turbulent-turbulent condition, Xtt, is used because this parameter is most appropriate for 
the two-phase flow conditions inside the microchannel manifolds.  Figure 4-1 shows that as quality increases, the 
Lockhart-Martinelli parameter decreases and the Froude rate increases.  Within the same quality range, Froude rate 
increases as mass flux increases.  In general higher Ft and lower Xtt data points see more uniform liquid distribution 
measurements and the lower Ft and higher Xtt ranges have poor distribution, which is consistent with the mass flux 
and quality data presented earlier.   
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Figure 4-1: Ft and Xtt, all three cross-sections, long entrance 
4.2 Standard Deviation Trends 
The measured liquid distribution of each flow condition is converted to a normalized standard deviation by 
the average liquid flow rate per collection tank under each of the test conditions using Equation (4).   
( )∑ −= 211 mmNmnorm &&&σ  (4) 
These values are used to represent the liquid distribution when plotted against other properties of the two-phase 
flow.  Within the recorded data, a lower deviation value means better distribution, and higher deviation value 
indicates worse distribution.  Figure 4-2 shows that the normalized standard deviation follows the same trends 
shown by the mass flux and quality results. 
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Figure 4-2: Mass flux and quality effects on σnorm, medium cross-section, short entrance 
4.2.1 Standard Deviation and Froude Parameters 
When the normalized standard deviation is plotted with the Froude number and Froude rate, a single 
general trend can be observed.  The Froude number represents a ratio of the inertial energy to the gravitational 
energy and is found previously by Equation (1).  As Froude number increases, the normalized standard deviation 
decreases.  Figure 4-3 shows a representative case using the medium cross-section and short entrance.  
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Figure 4-3: σnorm and Fr, medium cross-section, short entrance 
Froude rate has similar effects on the normalized standard deviation as shown in Figure 4-4.  In both cases, 
the worst distribution (highest σnorm) occurs in test cases with the lowest mass flux and quality, and as expected, 
σnorm decreases when mass flux and quality is increased.  It can be seen here that as inertial energy increases, liquid 
R134a is more likely to travel further down the manifold thereby improving distribution.   
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Figure 4-4: σnorm and Ft, medium cross-section, short entrance 
4.2.2 Standard Deviation and Lockhart-Martinelli Parameter 
As seen earlier the Lockhart-Martinelli parameter is a ratio of vapor to liquid pressure drop.  Figure 4-5 
shows the relationship between this parameter and liquid R134a distribution.  Xtt is independent of mass flux 
variations, but decreases with increasing quality.  As Xtt decreases, the normalized standard deviation also decreases, 
indicating that distribution improves with smaller ratios of vapor to liquid pressure drop.  Since Xtt is only a function 
of quality, Figure 4-5 is analogous to the quality effects shown in Figure 4-2.  However, the Lockhart-Martinelli 
parameter is a more universal parameter since it also takes into account the density and viscosity ratios of the 
working fluid.   
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te a dimensional parameter, ζL, to quantify the liquid distribution results.  Defined by Equation (5), this 
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When all the recorded data
Figure 4-6.  The dense section of data points in the low range of ζL are results from the long entrance tests where the 
inlet is lo  high 
 points are plotted together, a logarithmic decline is displayed as shown in 
cated 250 mm away from the microchannels.  The more uniform distribution of the short entrance and
mass flux tests, shown in previous chapters, appear in the high ranges of ζL due to the short 50 mm length.  Within 
the range of flow properties and geometric properties tested, this parameter is a good indicator of the liquid R134a 
distribution behavior.  Most of the distribution results fall into the same trend line with the large cross-section data 
deviating somewhat due to the extremely poor distribution.   
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Figure 4-6: σnorm and ζL, all three cross-sections and both entrance cases 
4.3 Conclusion 
The various flow parameters shown in this section provide alternative methods of characterizing the two-
phase R134a flow inside the test manifold.  The relationships between these parameters and liquid distribution 
correspond well to the recorded data and observed trends.  Through all the parameters investigated, the main result 
is that liquid R134a distribution is closely related to the kinetic energy of the two-phase flow at the entrance of the 
manifold: higher values create more uniform distribution.  Raising the kinetic energy is, in turn, primarily caused by 
raising the mass flux and quality of the two-phase flow at the entrance.   
The Froude rate and Lockhart-Martinelli parameter comparison indicates that liquid distribution improves 
when the inertial energy and quality increases.  In addition, when the energy required to lift the liquid film from the 
bottom of the manifold is reduced (i.e. cross-sectional area decreases), liquid distribution improves significantly.  
The normalized standard deviation is a useful feature in quantifying the recorded distribution data, and its 
relationships with the other flow parameters provide a clear view of the distribution trends.  It was found that σnorm 
decreases logarithmically with the Froude parameters which shows the importance of high inertial to gravitational 
energy ratios in order to obtain more uniform liquid distribution within the recorded data.  Since the Lockhart-
Martinelli parameter is inversely proportional to inlet quality, σnorm  decreases with increasing Xtt.  Although this 
trend is clear, it is less than the effect of the Froude parameters since the Lockhart-Martinelli parameter is 
independent of mass flux.  The dimensional parameter, ζL, is found to be a useful predictor of liquid flow 
distribution behavior within the tested range.  Its inclusion of the entrance length allows for data from different 
entrance length tests to be considered as a single trend which aids in bringing together the combined effects of 
varying mass fluxes, qualities, and entrance lengths.   
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Chapter 5. Comparison of R134a and Water/air Distribution Trends 
Prior to this project, another project was carried out to investigate the flow distribution and pressure drop in 
microchannel manifolds using a water/air combination as the working fluid. (Yoo, et. al. (2002))  The following 
section includes a detailed discussion to the similarities and differences observed for R134a as the working fluid 
versus the water/air combination.  The set of experiments conducted with water/air used an identical manifold 
design and identical microchannel array and was performed in adiabatic conditions at nearly atmospheric pressure.  
The flow conditions tested had a mass flux range between 39 and 393 kg/m2-s, and a quality range between 3% and 
48%.  The flow conditions tested for R134a experiments had mass fluxes of 64 – 596 kg/m2-s and qualities of 10% – 
35%.  Unlike the liquid mass flow rate recorded for R134a testing, the water measurements were made so that flow 
rate was recorded for each individual microchannel tube. 
5.1 Mass Flux and Quality 
Shown in Figure 5-1 is one of the liquid distribution measurements from the water/air experiments.  Both 
working fluids produced poor distribution under these flow conditions, but in opposite ways.  The flow distribution 
in the water/air case showed that water tended to flow past most of the microchannels and gather at the end of the 
manifold where it eventually drained into the last few microchannels.   
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Figure 5-1: Water distribution, large cross-section, short entrance 
Figure 5-2 shows a liquid distribution measurement from the two-phase R134a experiments under similar flow 
conditions.  In contrast to Figure 5-1, liquid R134a tended to drain immediately into the first collection tank and did 
not flow to the end of the manifold, causing dry-out conditions in the last collection tank.   
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Figure 5-2: Liquid R134a distribution, large cross-section, short entrance 
It was found that, above or below a certain mass flux (~50 kg/m2-s), variations in mass flux had a very 
small effect on the distribution of water in the manifold.  In the case of R134a liquid distribution, mass flux had a 
relatively consistent effect on distribution.  It was observed that poor distribution in the water/air experiments was 
caused by mass fluxes that were too high, suggesting that to improve distribution, mass flux should be decreased.  
The opposite applies for R134a distribution – in order to improve liquid distribution, mass flux must be high.   
In the water/air study, quality seemed to make no difference in liquid distribution behavior.  However, 
quality shows a positive effect on distribution for the R134a tests in almost all of the conditions tested.  In general, 
higher quality will improve the liquid R134a distribution by carrying more liquid further down the manifold.  One 
unexpected behavior (shown earlier in Figure 3-12) was observed, when liquid distribution was negatively affected 
by increasing quality because the mass flux was too low for vapor energy to be effective.  Therefore, it is important 
to keep mass flux sufficiently high in order to use quality as a tool to improve distribution. 
5.2 Flow Regimes 
During R134a testing, flow regime maps were a useful tool for predicting the flow pattern of a fully 
developed two-phase flow.  Although the manifold flow was not fully developed, the flow regime maps can help 
one to understand the relative magnitude of governing forces for the conditions investigated.  In the Taitel-Dukler 
flow regime map shown in Figure 5-3, as the Froude number for R134a increased above Fr=1, the inertial forces of 
the two-phase flow dominated the gravitational forces, which in turn, caused more uniform liquid flow distribution, 
but as described below, these high Froude numbers for water/air had a poor distribution.  Water distribution data 
recorded during the water/air tests were also shown in Figure 5-3.  Compared to the R134a results, water/air flow 
inside the manifold was in a much higher Froude number range.  As noted before, water distribution was generally 
poor, in the high mass flux cases while liquid R134a distribution was poor in the low mass flux cases.  For the 
conditions showing improved liquid distribution, the R134a Froude number was much higher than one (~7) and the 
water/air Froude number was nearly one or below.  R134a tests also revealed an improvement in liquid distribution 
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when the Lockhart-Martinelli parameter decreased, but water/air tests did not show a discernable trend for this 
relationship.  Please refer to Appendix E for additional flow regime comparisons.   
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Figure 5-3: Taitel-Dukler flow regime map, comparing R134a and water/air 
5-3 Physical Properties and Flow Properties 
The differences in flow behavior between the water/air combination and two-phase R134a were primarily 
caused by their differences in physical properties.  Table 5-1 lists the densities and dynamic viscosities of the two 
working fluids.  The R134a vapor-to-liquid density ratio is approximately 40, while the water/air density ratio is 
approximately 850.  Furthermore, the density of vapor R134a is approximately 30 times the density of air.   
Table 5-1: Physical properties of R134a and water/air combination 
R134a Water/Air 
 
Liquid Vapor Water Air 
Density [kg/m3] 1207 32.37 997.1 1.18 
Viscosity [kg/m-s] 1.94E-4 1.20E-5 9.0E-4 1.85E-5 
 
The low density of air means air velocity at the entrance of the manifold was much greater than that of 
R134a vapor, thus giving it more kinetic energy.  The vapor energy was the main force in carrying the slow moving 
liquid through the manifold by pushing liquid toward the side and top walls.  Liquid distribution was greatly affected 
by this flow property.  Figure 5-4 shows the entrance velocity and kinetic energy for the water/air combination and 
two-phase R134a.   
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Figure 5-4: Flow properties of R134a and water/air combination 
The velocity calculations are shown as Equation (7) and (8) in.  The velocity values were obtained using the Zivi 
void fraction model shown in Equation (9).  The kinetic energy rate was calculated by Equation (10) using the mass 
flow rate at the entrance of the manifold. 
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The liquid flow distribution patterns for these fluids were directly related to their two-phase flow velocities.  
To produce more uniformly distributed flows in the R134a case, higher initial velocity was needed, while in the 
water/air case, lower initial velocity was needed. 
5.4 Froude Rate and Lockhart-Martinelli Parameter 
Figure 5-5 shows the Froude rate versus Lockhart-Martinelli parameter from the water/air and R134a 
results.  It was found that Froude rate was highest with the smallest spacer plate.  The majority of the water/air flow 
conditions fell into the Froude rate range 10 – 100, and Xtt range 0.10 – 1.00.  In the R134a tests, Froude rate range 
was 0.1 – 30, much lower than the water/air case due to the differences in vapor densities.  The higher Froude rate 
implied a higher vapor inertial energy which played a key role in carrying more liquid further into the manifold.  In 
water/air experiments, it was found that this range of high Froude rates created an uneven liquid distribution 
exhibited in Figure 5-1.  However, in R134a experiments, the low range of Froude rates created the uneven liquid 
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distribution exhibited in Figure 5-2.   Comparing all the recorded liquid distribution data for both working fluids, it 
seemed that liquid R134a distribution was more uniform in the range Ft > 10, and water distribution was more 
uniform when Ft < 10.   
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Figure 5-5: Ft versus Xtt, comparing R134a and water/air 
5.5 Conclusion 
Flow distribution experiments with a rectangular microchannel manifold using water/air and saturated 
R134a as the working fluids were performed.  Flow conditions ranged from x=0% to x=35% and G=39 to 596 
kg/m2-s.  The major distinction between the manifold flow behaviors was the lack of liquid film traveling on the top 
and side walls of the manifold in the R134a experiments due to the relatively small liquid-to-vapor density ratio of 
R134a compared to that of water/air.  When inlet velocity of the two-phase flow was insufficient, liquid separated 
out quickly and decreased the effect of the faster moving vapor flow, which caused poor liquid distribution shown 
by the R134a results.  However, when the inlet two-phase flow velocity was too high, too much liquid was pushed 
away from the microchannel ports causing poor distribution shown by the water/air results.  Taitel-Dukler flow 
regime map for water/air and the R134a data revealed that the flow conditions in the R134a case were categorized in 
a more stratified regime than the flow conditions of water/air.   
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Appendix A. Equations Used 
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Appendix B. Experimental Apparatus 
 
Figure B-1: Bottom view of manifold 
 
Figure B-2: Top view of manifold 
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 Figure B-3: Microchannel ports from top view 
 
Figure B-4: Microchannel array 
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Appendix C. R134a Liquid Distribution Results 
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Figure C-1: Complete data set, small cross-section, short entrance 
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Figure C-2: Baseline single phase condition flow distribution, small cross-section, short entrance 
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Figure C-3: x=10%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-4: x=15%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-5: x=20%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-6: x=25%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-7: x=30%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-8: x=35%, small cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-9: Complete data set, small cross-section, long entrance 
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Figure C-10: Baseline single phase condition flow distribution, small cross-section, long entrance 
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Figure C-11: x=10%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-12: x=15%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-13: x=20%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-14: x=25%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-15: x=30%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-16: x=35%, small cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-17: Complete data set, medium cross-section, short entrance 
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Figure C-18: Baseline single phase condition flow distribution, medium cross-section, short entrance 
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Figure C-19: x=10%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-20: x=15%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-21: x=20%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-22: x=25%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-23: x=30%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-24: x=35%, medium cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-25: Complete data set, medium cross-section, long entrance 
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Figure C-26: Baseline single phase condition flow distribution, medium cross-section, long entrance 
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Figure C-27: x=10%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-28: x=15%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-29: x=20%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-30: x=25%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-31: x=30%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-32: x=35%, medium cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-33: Complete data set, large cross-section, short entrance 
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Figure C-34: Baseline single phase condition flow distribution, large cross-section, short entrance 
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Figure C-35: x=10%, large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-36: x=15%, large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-37: x=20% large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-38: x=25% large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-39: x=30%, large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-40: x=35%, large cross-section, short entrance (G is in units of kg/m2-s) 
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Figure C-41: Complete data set, large cross-section, long entrance 
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Figure C-42: Baseline single phase condition flow distribution, large cross-section, long entrance 
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Figure C-43: x=10%, large cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-44: x=15%, large cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-45: x=20%, large cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-46: x=25%, large cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-47: x=30% and 35%, large cross-section, long entrance (G is in units of kg/m2-s) 
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Figure C-48: Effects of varying flow path cross-sectional area, x=20% 
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 Figure C-49: Effects of varying flow path cross-sectional area, x=15% 
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Figure C-50: Effects of varying flow path cross-sectional area, x=10% 
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Appendix D. R134a Distribution with Non-Dimensionalized Parameters 
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Figure D-1: Ft and Xtt, all three cross-sections, long entrance 
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Figure D-2: Ft and Xtt, all three cross-sections, short entrance 
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Figure D-3: σnorm and Fr small cross-section, short entrance 
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Figure D-4: σnorm and Ft small cross-section, short entrance 
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Figure D-5: σnorm and Xtt, small cross-section, short entrance 
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Figure D-6: σnorm and Fr small cross-section, long entrance 
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Figure D-7: σnorm and Ft small cross-section, long entrance 
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Figure D-8: σnorm and Xtt, small cross-section, long entrance 
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Figure D-9: σnorm and Fr medium cross-section, short entrance 
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Figure D-10: σnorm and Ft medium cross-section, short entrance 
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Figure D-11: σnorm and Xtt, medium cross-section, short entrance 
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Figure D-12: σnorm and Fr medium cross-section, long entrance 
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Figure D-13: σnorm and Ft medium cross-section, long entrance 
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Figure D-14: σnorm and Xtt, medium cross-section, long entrance 
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Figure D-15: σnorm and Fr large cross-section, short entrance 
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Figure D-16: σnorm and Ft large cross-section, short entrance 
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Figure D-17: σnorm and Xtt, large cross-section, short entrance 
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Figure D-18: σnorm and Fr large cross-section, long entrance 
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Figure D-19: σnorm and Ft large cross-section, long entrance 
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Figure D-20: σnorm and Xtt, large cross-section, long entrance 
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Appendix E. Comparison of Flow Regimes for R134a and Water/Air 
 
Figure E-1:  Thome flow regime map, small cross-section 
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Figure E-2:  Thome flow regime map, medium cross-section 
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 R134a Water/air 
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Figure E-3:  Thome flow regime map, large cross-section 
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